In this review article, we discuss recent observations of Saturn's dynamic aurora and how these relate to large-scale current systems within the magnetosphere. We first discuss the driving mechanism of the main auroral oval in terms of a theoretical framework that takes into account both plasma subcorotation associated with mass loading in the magnetosphere and the solar wind interaction. We compare the expected field-aligned current systems from that model with images of the aurora and from in situ measurements of the high-latitude current systems measured by Cassini. We identify open questions relating to the origin and modulation of the auroral current system.
INTRODUCTION
The terrestrial aurora has been extensively studied from the ground and from Earth-orbiting spacecraft for many decades, and as such, our broad understanding of the driving physical mechanisms behind the phenomena is well developed. At the outer planets (e.g., Jupiter and Saturn), we have relatively much less information, both in terms of remote sensing and in situ measurements. However, the interest of the scientific community in outer planet aurora has increased in recent years due to the outstanding imaging capability of the Hubble Space Telescope (HST), the presence of in situ orbiting spacecraft such as Galileo (at Jupiter) and Cassini (at Saturn), and the subsequent ability to develop a theoretical picture of the solar wind-magnetosphere-ionosphere coupling mechanisms, which can then provide a framework for our understanding of these systems. This review chapter is focused on the development of such theoretical ideas, remote sensing observations, and in situ measurements within Saturn's magnetosphere, and thus on how we are beginning to understand the nature of the auroral emissions and their relationship to magnetospheric dynamics. The reader is also directed toward the review of auroral dynamics at Saturn by Kurth et al. [2009] and references therein.
Prior to Cassini, much of what we learned about the auroral emissions at Saturn came from observations made with the HST, specifically at UV wavelengths as shown in the sequence of three images (taken approximately 2 days apart) at the bottom left of Figure 1 [see, e.g., Cowley et al., 2004a; Gérard rard et al., 2004; Grodent et al., 2005] , as well as groundbased telescope observations of the ion flow velocities in the auroral regions associated with IR H 3 + ions and aurora [Stallard et al., 2004] . Studies such as these have revealed an auroral zone at Saturn, which subcorotates with the planet at~60%-70% of corotation and which is a few tens of kR in intensity in the UV. The main emission is centered at approximately 15°c olatitude in both the Northern and Southern Hemispheres. The approach of Cassini to, and arrival at, Saturn has significantly advanced our understanding of the auroral images, through in situ field and particle measurements upstream of Saturn's magnetosphere in the solar wind and from within the high-latitude magnetosphere during Cassini's inclined orbit phases. During these high-latitude phases, the Cassini Ultraviolet Imaging Spectrometer (UVIS) and the visible and infrared imaging spectrometer (VIMS) have had spectacular views of the northern and southern poles of Saturn (see the top (VIMS) and lower right (UVIS) images of Figure 1 ). In order to understand the aurora as a diagnostic for the large-scale magnetospheric and/or solar wind dynamics, we must first understand the dominant processes affecting the coupled solar wind-magnetosphere-ionosphere system in the "steady state." From this point, we can address what the main source of dynamics may be and, hence, predict how the system will vary as a function of time. However, this short review does not attempt to cover small-scale magnetosphere dynamics and related structure within the auroral regions, which are evident in the imaging data [e.g., Radioti et al., 2009; Grodent et al., 2011] . During the Pioneer and Voyager flybys of Saturn in the 1980s, it was found that Saturn's kilometric radiation (SKR) (thought to be associated with accelerated auroral electron beams) was modulated both by the planet's rapid rotation rate of~10.7 h and by enhancements of solar wind dynamic pressure [Desch and Kaiser, 1981; Desch and Rucker, 1983] . A logical starting point is therefore to consider the main plasma flows and currents in Saturn's magnetosphere as being produced by a combination of rotational and solar wind effects. In the next section, we will briefly introduce the theoretical framework to which the rest of the discussion in this review will refer.
THEORETICAL FRAMEWORK
Following the development of our understanding of how the main Jovian auroral emissions are generated, i.e., through the large-scale breakdown of corotation of plasma in the middle magnetosphere [Cowley and Bunce, 2001; Hill, 2001; Southwood and Kivelson, 2001] , it was appropriate to question if the aurora seen at high-latitudes in Saturn's magnetosphere could be driven through a similar magnetosphereionosphere coupling system. The possibility was assessed using a magnetic field model based on flyby data and plasma flows from the Voyager flybys, but it was found that the fieldaligned currents associated with corotation breakdown were too small (~10 nA m
À2
) and mapped to the wrong colatitudes in the ionosphere (~20°) to account for the auroral ovals observed near 10°-17° [Cowley and Bunce, 2003; Badman et al., 2005] . Recent Cassini UVIS observations of Saturn's aurora, however, do indicate a weaker (~2 kR) secondary oval at~20°colatitude on the nightside [see Grodent et al., 2010] , which may also relate to the IR observations of Jovian-like aurora reported on by Stallard et al. [2008] . However, the details of this remain unclear at present and will not be pursued further in this review. Cowley and Bunce [2003] concluded that Saturn's "main oval" auroras are not associated with corotation-enforcement currents as they are at Jupiter, but instead are most likely to be associated with coupling to the solar wind (as on Earth). Quantitative modeling specifically suggested that Saturn's auroras are associated with a ring of upward directed field-aligned current spanning the boundary between open and closed magnetic field lines [Cowley et al., 2004a [Cowley et al., , 2004b . Three basic regimes of rotational and solar wind-driven plasma flows (solid lines) and associated upward and downward directed field-aligned currents (circled dots and crosses, respectively) are shown for the northern polar ionosphere in Figure 2 , in a frame, which is fixed relative to the Sun. These flow regimes have been previously discussed in other contexts by Hill [1979] , Vasyliunas [1983] , and Dungey [1961] . The first region (at lowest colatitude) maps to the middle magnetosphere region of subcorotating plasma dominated by pickup, loss, and radial diffusion from internal sources (icy moons and rings). The associated rings of upward and downward field-aligned currents are associated with the corotation enforcement currents, the upward directed portion of which are equivalent to those that produce the main auroral emissions at Jupiter. As discussed above, these currents are found to be of insufficient strength and flowing at the incorrect colatitude to account for the main auroral emissions at Saturn. The second flow regime is a higher-latitude region of subcorotating flows where field lines are stretched out downtail and eventually pinch off, forming a plasmoid, which is subsequently released downtail (known as the "Vasyliunas cycle"). At highest latitudes in Figure 2 , we see a region of flow, which is driven by reconnection at the dayside magnetopause in which "open" field lines mapping to the tail lobes flow antisunward over the poles, and following reconnection in the tail, return to the dayside, drawn here principally via dawn, in a single-cell convection pattern (the "Dungey cycle"). The newly closed flux tubes return to the dayside via dawn due to the presence of the Vasyliunas cycle on the duskside and also due to the effect of planetary rotation on the open field lines. A slow rotation of the open field region was suggested by Cowley et al. [2004a] and measured by Stallard et al. [2004] using IR aurora data. It is this upward directed field-aligned current along the boundary between open and closed field lines (shown by the inner dashed circle shaded in blue), which is suggested to account for the main auroral oval at Saturn. These suggestions will be discussed in relation to new observations in the sections that follow.
In summary, Cowley at al. [2004a Cowley at al. [ , 2004b find that the (1) upward field-aligned currents are expected to occur at the open-closed field line boundary typically located at~15°c olatitude, (2) upward field-aligned current density, estimated to be~150 nA m
, requires downward field-aligned acceleration of magnetospheric electrons (on the closed side of the boundary) through a~10 kV potential such that the precipitating electron energy flux is sufficient to produce UV intensities of a few tens of kR (where 1R = 10 10 photons m À2 s
À1
into 4π sr) in the upper atmosphere, and (3) the currents will be larger and the aurora brighter at dawn than at dusk when the solar wind-driven Dungey cycle is active. Given these suggestions from the theoretical modeling work, it is thus of interest to test the hypotheses by comparing recent HST or Cassini images of the aurora with the in situ measurements of the magnetic field, particle populations, radio plasma waves, and energetic neutral atom (ENA) images measured by the Cassini spacecraft orbiting the highlatitude magnetosphere of Saturn.
MODULATION OF THE MAIN EMISSIONS
From experience at the Earth's magnetosphere, we might assume that the direction of the interplanetary magnetic field (IMF) and/or the solar wind dynamic pressure might influence the dynamics of Saturn's auroral oval, assuming that the upward directed current that produces it represents the boundary between magnetic field lines open to the solar wind and those which are closed. On the Earth, the brightest (substorm) auroras occur on the nightside and are produced following a prolonged interval of upstream IMF B z southward. Of course, at Saturn, the planetary magnetic field points in the opposite direction, and hence, we might expect a similar effect following a prolonged interval of northward directed IMF. However, during an extensive campaign of HST imaging of Saturn's aurora in 2004, while the Cassini spacecraft was upstream of Saturn simultaneously measuring the properties of the solar wind, we had the best opportunity, to date, to learn that it is, in fact, the solar wind dynamic pressure, which plays a more significant role than the direction of the IMF Crary et al., 2005; Kurth et al., 2005] .
While Cassini was upstream of Saturn in 2003/2004, the solar wind magnetic field structure was consistent with that expected to be produced by corotating interaction regions (CIRs) during the declining phase of the solar cycle. In general, the data show that during this time, the IMF structure consists of two sectors during each rotation of the Sun, with crossings of the heliospheric current sheet generally embedded within few-day high field compression regions, surrounded by several day rarefaction regions [Jackman et al., 2004] . During the month-long HST campaign in January 2004, a CIR passed Saturn's magnetosphere at the same time that HST imaged the Southern Hemisphere aurora. The spectacular results (seen in the bottom left sequence of HST images in Figure 1) showed that the effect of the subsequent shock-compression of the magnetosphere acted to significantly reduce the size of the main auroral oval, with the auroral emissions filling in the dawnside polar cap approximately to the pole. At the peak of the emission intensities, up to~100 kR were measured . In addition, the SKR, thought to be associated with auroral accelerated electron beams, was also significantly enhanced in response to the CIR interaction with the magnetosphere [Kurth et al., 2005] . In relation to the theoretical ideas discussed above, it is supposed that the forward shock within the CIR compression region triggers an interval of rapid reconnection in Saturn's magnetic tail in which a significant fraction of the open flux in the tail lobe will be closed over an interval of several hours (less than one complete rotation of Saturn), thus significantly reducing the size of the auroral oval . The rapid tail reconnection in the tail is suggested to produce a substantial amount of newly closed flux containing hot plasma from the reconnection site, forming a bulge, which extends into the polar cap. This takes place on the dawnside of midnight, due to the Vasyliunas cycle flow active near dusk. The newly closed flux tubes flow toward the planet in the tail and rotate around to dawn due to the ionospheric torque, forming a bulge on the magnetopause. In the ionosphere, the auroras will be dominated by a bright auroral patch, which extends into the midnight polar cap, with the usual aurora being present at other local times. The perturbed flow attempts to redistribute the newly closed flux around the boundary, by carrying the bulge equatorward and dawnward. Evidence for such shock-induced auroral storms has also been presented earlier by Prange et al. [2004] . They report on the effect of an interplanetary shock propagating through the solar system, producing a series of planetary auroral storms on the Earth, Jupiter, and Saturn.
In addition to the solar wind dynamic pressure effects discussed above, the rate of open flux production (or reconnection voltage) has been estimated from the upstream interplanetary data during the 2004 campaign using an empirical formula based on experience on Earth [see Badman et al., 2005; Jackman et al., 2004] . This voltage is taken to be given by
where V SW is the radial speed of the solar wind, B ? is the strength of the IMF component perpendicular to the radial flow, L 0 is a scale length taken equal to 10 Saturn radii (R S = 60330 km) by analogy with Earth, and θ is the clock angle of the IMF relative to Saturn's northern magnetic axis [Jackman et al., 2004] . Typical values are found to vary from 10 kV during the weak-field rarefaction region, up to 200 kV during the strong-field compression discussed above. Gérard et al., 2005; Radioti et al., 2011; Badman et al., 2012] , it seems that the brightest auroras at Saturn are seen following the passage of compression regions past Saturn's magnetosphere. The reason for this difference with the Earth's magnetosphere may be associated with the difference in the scale sizes of the two magnetospheres. The time scales for north-south fluctuations of IMF B z are similar on Earth and on Saturn, changing rapidly over~10 min to~1 h (although IMF B y turnings on time scales of few days may be a more significant factor). Similarly, dayside reconnection voltages (open flux production rates) are also similar at the two planets with values ranging between~20 kV during rarefaction regions and 200 kV (during compression events). However, the open flux on Saturn's tail (~50 GWb) is significantly larger than on Earth (~0.5 GWb), so the growth phase of a single "substorm-like event" could feasibly be much longer,~1 week for Saturn compared to~1 h on the Earth. Therefore, we might expect that Saturn's tail will typically not respond to individual intervals of northward IMF B z but, instead, will inflate on time scales comparable to the time between the recurrent CIRs in the solar wind. Thus, it seems that compression-induced tail reconnection, while rather rare on Earth [e.g., Boudouridis et al., 2003] , may be the usual mode on Saturn.
CASSINI OBSERVATIONS OF THE HIGH-LATITUDE MAGNETOSPHERE
The observations of the aurora from the HST and the in situ solar wind measurements discussed in the previous section only provide remote sensing evidence about the physical origins of Saturn's aurora, without simultaneous in situ sampling of the magnetic field and plasma populations. In fact, it was not until the first high-latitude phase of the Cassini mission in early 2006/2007 until the large-scale field-aligned current systems connecting the magnetosphere to the ionosphere could be directly sampled for the first time (and, in fact, these measurements represented the first of their kind beyond the Earth's magnetosphere). Before reviewing the results from such observations, it is useful to first discuss the interpretation of the magnetic field signatures from single spacecraft measurements in terms of the large-scale current systems, which must be present. If we assume that the magnetic field signatures observed at high latitudes are due to quasi-steady field-aligned currents flowing between the ionosphere and the near-equatorial magnetosphere, we can then use them to estimate the direction and strength of the ionospheric Pedersen current at the feet of the field lines and, from the variations of the latter, the direction and amount of field-aligned current flowing along the field lines in the regions considered. Application of Ampère's law to a circular loop passing through the measurement point (i.e., at the spacecraft) and centered on the magnetic axis (assuming axisymmetry) allows one to estimate the total current passing through the surface enclosed by the loop:
In Figure 3 , we consider the effect of a purely azimuthal magnetic field B ϕ (here shown for subcorotating plasma and "lagging" magnetic field configuration, i.e., B ϕ < 0 in the Northern Hemisphere and B ϕ > 0 in the Southern Hemisphere) observed at some point between the ionosphere and the closure currents in the near-equatorial magnetosphere. We indicate an appropriate circular "Ampère loop" passing through the measurement point shown by dashed circles in both hemispheres. If we consider the surface formed along the field lines from the upper dashed circle to the lower dashed circle in the ionosphere, then there is no current flow across this surface as we assume the currents are entirely field-aligned, and hence, the line integral of B ϕ on the upper is then equal to the net total field-aligned current, j ‖ , flowing across the upper dashed loop in Figure 3 toward the planet. If the current is entirely fieldaligned, then the line integral is identical on every such circle between the upper dashed loop at the measurement point and the lower dashed loop in the ionosphere. If the surface is then closed in the inner region over the top of the ionosphere, then the line integral is easily seen as the net inward field-aligned current between the pole and the latitude of the dashed circular loop in the ionosphere. From current continuity, this is also equal to the equatorward current flowing in the ionosphere at the latitude of the ring, I P . Hence, we can write down the relationship between the magnetic field perturbation and the ionospheric Pedersen current at the feet of the field lines as Here I P is the ionospheric Pedersen current per radian of azimuth flowing at the feet of the field lines considered, taken to be positive when directed equatorward in both hemispheres, ρ is the perpendicular distance from the axis of symmetry, and the upper sign is appropriate to the Northern Hemisphere and the lower to the Southern Hemisphere. Using this equation, we can therefore use our observations of B ϕ to estimate I P , on the basis of the two assumptions made above. The first assumption is that of approximate axisymmetry, at least locally, whose validity is indicated by the presence of highly structured azimuthal fields in thin layers in the absence of comparable structure in the other field components. The second assumption is that the observation point is located sufficiently far from the magnetospheric equator, that it lies outside the region of significant field-perpendicular magnetospheric closure currents. In addition, the value of I P is given by
where ρ i is the perpendicular distance from the axis of symmetry in the ionosphere, and i P is the height-integrated Pedersen current intensity given by
where Σ P is the height-integrated Pedersen conductivity, B i the near-vertical ionospheric field strength, Ω S * the angular velocity of the neutral atmosphere (possibly altered from rigid corotation by ionospheric drag), and ω is the angular velocity of the plasma, constant along a flux shell in the steady state. The Pedersen current, and hence the azimuthal field on a given flux shell, thus depends on both the Pedersen conductivity of the ionosphere and the degree to which the angular velocity of the plasma departs from the angular velocity of the neutral atmosphere. In the usual case of plasma subcorotation (the case drawn in Figure 3 ), such that ω < Ω S * , I P is equatorward directed (positive) in both hemispheres, such that B ϕ given by equation (4) is negative in the Northern Hemisphere and positive in the Southern Hemisphere, corresponding to a lagging field configuration. However, in the event that some dynamical process produces supercorotating flow, such that ω > Ω S * , producing a leading field configuration with B ϕ positive in the Northern Hemisphere and negative in the Southern Hemisphere, I P would then be poleward directed in both hemispheres. We further note that the integrated fieldaligned current per radian of azimuth flowing along the field in a particular region can be estimated by determining the change in the value of I P that occurs across the region. If, for example, I P increases by amount ΔI P on moving equatorward from one flux shell to another, then that amount of field-aligned current per radian must have flowed into the ionosphere in the region between these shells. Similarly, if I P decreases by ΔI P , then that amount of field-aligned current per radian must have flowed out of the ionosphere into the magnetosphere on those flux shells. Of course, these currents are just those required to account for the changes in B ϕ across the flux shells via Ampère's law from which the values of I P were derived. The regions of upward directed field-aligned current are of particular interest since they will typically relate to the occurrence of bright ionospheric auroral emissions if the current densities are sufficiently large that magnetospheric electrons must be accelerated along the field lines by field-aligned electric fields.
During the Cassini high-latitude orbit Revolution 37 in January 2007, it was possible to make near-simultaneous measurements of the aurora from the HST and the associated field-aligned current system interpreted from the magnetic field signatures according to the above discussion [Bunce et al., 2008] . In Figure 4 , we briefly summarize the results from these joint observations. We show two consecutive UV images (A and B) of Saturn's southern auroral oval observed during the HST campaign on 16 and 17 January 2007, respectively. On each image, the white track indicates the magnetically mapped footprint of the spacecraft position during Rev 37, and the red dots in each case mark the mapped position of the spacecraft at the time of the images (see Bunce et al. [2008] for details of the mapping procedure). At the time of image A, the spacecraft is located poleward of the auroral oval, and in the interval between the two images, it is clear from the mapped footprint that the spacecraft has crossed through flux tubes connecting to the auroral oval to a position slightly equatorward of the main emission shown by the red dot in image B.
At the bottom of Figure 4 , we show the in situ electron energy spectrogram from Cassini Plasma Spectrometer Electron Spectrometer (CAPS-ELS) the azimuthal component of the magnetic field from the Cassini magnetometer (MAG), and the UV intensity from HST image A in red and image B in blue. The times of images A and B (shifted by the light travel time from Earth to Saturn) are marked by the solid red vertical lines. It can be clearly seen that between the two images, the B ϕ component of the magnetic field (second panel) switches from positive values (representing lagging field in the Southern Hemisphere) at the time of image A to near zero (representing approximately corotating field) as the spacecraft moves equatorward. For a spacecraft moving equatorward in the Southern Hemisphere, this signature is then consistent with a decrease in the ionospheric Pedersen current as a function of time (see equation (3) above) and, hence, with an upward directed field-aligned current layer whose density in the ionosphere is estimated to be~275 nA m À2 (see Bunce et al. [2008] for more details). At the same time as the transition in the magnetic field, the electron spectrogram (top panel) shows a sharp transition between a region with a distinct lack of electrons present (shown as the mainly blue region >20 eV interpreted as the open field region up until~10:00 UT on day 16) and a region dominated by electrons with a variety of energies, which are typical of the magnetosheath (10-100 eV) or the outer magnetosphere (100-1000 eV). We note that the electron population with energy <10 eV results from spacecraft charging. These populations are then interpreted as the closed field region. This example reveals the presence of an upward directed field-aligned current system, at least on the dayside main oval near noon, sitting at the open-closed field line boundary in good broad agreement with the theoretical considerations of Cowley et al. [2004a Cowley et al. [ , 2004b . The simple interpretation made by Bunce et al. [2008] that the lack of lowenergy electrons >20 eV can be taken as the signature of the open-closed field line boundary at Saturn is, however, currently debated. This method of identification will be compared with other methods in the published literature, which will be discussed in more detail below. If the peak value of the field-aligned current density in the ionosphere exceeds that provided by the total flux of electrons in magnetosphere (estimated from the ELS data), the electrons will be accelerated along field lines into the ionosphere by a field-aligned voltage [Knight, 1973] . This study shows that the potential required to produce the ionospheric current of~275 nA m À2 is <1 kV for the magnetosheath electron population and~10 kV for outer magnetosphere electrons. Bunce et al. [2008] have used these values to estimate the accelerated electron flux and, hence, the brightness of the resulting aurora at the feet of the field lines carrying the upward directed current (assuming that~0.1 mW m À2 produces 1 kR of UV photons). The postaccelerated electron populations are found to produce~1-5 kR for the magnetosheath population and~10-50 kR for outer magnetosphere population. This estimate agrees well with the peak intensities of~25 kR as measured by the HST in the two images A (blue) and B (red), which is estimated from the image as a function of spacecraft footprint in the bottom panel of Figure 3 . However, the data described above represents one example of the in situ field-aligned current measurements at high latitudes from Cassini with near-simultaneous HST imaging. In addition to this work, it has been the focus of a number of studies to characterize the high-latitude magnetosphere data on Saturn. These studies include investigations of the morphology, strength, and magnetically mapped location of the typical high-latitude field-aligned current patterns [Talboys et al., 2009a [Talboys et al., , 2009b [Talboys et al., , 2011 , the characteristics of the plasma populations and identification of electron beams and ion conics in regions of the auroral field-aligned current systems [Mitchell et al., 2009a] , and analyses of the auroral hiss radio emissions in relation to upgoing electron beams [see Kopf et al., 2010; Gurnett et al., 2010a Gurnett et al., , 2010b . Here we focus on the advancement in our understanding of the field-aligned current systems determined from the high-latitude measurements of the magnetic field and their relationship with magnetospheric boundaries (such as the open-closed field line boundary) inferred from the low-energy electron populations. On the basis of these results, we discuss the limitations of the open-closed field line boundary identification with respect to other methods discussed by other authors [e.g., Gurnett et al., 2010a Gurnett et al., , 2010b Masters et al., 2011] .
There have been two phases of high-latitude orbits during which these field-aligned current systems have been extensively observed. The first encounters were during the highlatitude orbits in 2006/2007 [Talboys et al., 2009a] , where the magnetic field signatures associated with field-aligned currents were observed at local times predominantly on the dayside. The second set of high-latitude orbits occurred during 2008/2009 at local times on the nightside [Talboys et al., 2011 [Talboys et al., , 2009b .
The clearest magnetic field signatures are observed when the spacecraft traverses the high-latitude field lines at sufficiently low altitudes so that it crosses all of the field structures present from the region of open field lines at highest latitudes through to the inner part of the magnetosphere. Two general patterns of nightside azimuthal magnetic field, and hence field-aligned current signatures, were observed for the sequence of high-latitude orbits in 2008, as introduced in Figure 5 and as discussed by Talboys et al. [2009b] .
The first pattern, referred to as type 1 (observed on~60% of passes) exhibited generally "lagging" azimuthal field signatures where the field lines were swept back out of meridian planes. An example of type 1 field-aligned currents is shown in Figure 5a in the electron and magnetic field data (to the left) and schematically (and more generally) on the right for the Northern and Southern Hemispheres. The main current regions derived from the azimuthal magnetic field (see equation (3)) is variable but typically consists of (from high to low latitudes) downward directed currents located near or just equatorward of the open-closed field line boundary and upward directed currents that extend further into the hot plasma region on closed magnetic field lines. These "lagging" field signatures imply the transfer of angular momentum from the ionosphere to the magnetosphere, indicative of subcorotation of plasma. Statistically, throughout 2008, the type 1 upward and downward current carried~1.5-2.5 MA rad À1 , respectively, along the field lines. More complex field-aligned current signatures were observed on~25% of the other passes, defined as type 2, and involve strong antisymmetric "leading" field signatures (swept forward out of meridian planes) in both hemispheres. Examples of the type 2 field-aligned currents are shown in Figure 5b in the electron and magnetic field measurements (to the left) and schematically to the right. The pattern of field-aligned current flow derived from the azimuthal magnetic field Figure 4 ) and magnetic field components for an example of each type of current system, followed by the (bottom) magnetically mapped ionospheric colatitude. The mapping is shifted in the northern compared to the southern ionosphere, due to the internal magnetic field of Saturn having a strong quadrupole term. The schematic picture on the right-hand side in each case shows the basic characteristics of the magnetic field perturbation and the associated field-aligned currents. Adapted from Talboys et al. [2009b Talboys et al. [ , 2011 signatures is variable but typically consists of a distributed downward-directed field-aligned current flowing near to or just equatorward of the open field lines, followed by a major layer of upward directed field-aligned current located in the outer plasma sheet/ring current region on closed magnetic field lines, and then a further downward directed current mapping to the inner ring current. These "leading" field signatures imply the transfer of angular momentum from the magnetosphere to the ionosphere, indicative of supercorotation of plasma. Statistically, in the 2008 examples, the downward/ upward/downward currents carried~1.5/4/2 MA rad À1 along the field lines.
One possibility on how to interpret the existence of two distinct types of morphology in the field-aligned current pattern, suggested by Talboys et al. [2009b] , is that the patterns may be associated with outer magnetosphere dynamics, for example, the Vasyliunas cycle (or similar). They argued that the type 2 currents were seen too frequently to be associated with the shock compression of the magnetosphere and were more likely to be associated with the (frequent) removal of plasmoids from the tail, which would lead to a region of fast, superrotating flow in the magnetosphere accounting for the "leading" magnetic field configuration. Although there are some discrepancies discussed above in the location of the upward directed field-aligned currents relative to the open-closed field line boundary compared to that predicted by the Cowley et al. [2004b] model, it certainly appears from the overall investigation of the 2008 data that the major field-aligned current system at high latitudes is produced in relation to outer magnetosphere dynamics, presumably driven by a combination of the solar wind interaction (the details of which are still yet to be fully understood) and the generation of flow shears in the outer magnetosphere near to the open-closed field line boundary. It is also highly probable that the high-latitude field-aligned currents are organized by the rotating magnetic field and current system (see discussion in section 5), which is not currently accounted for in the modeling work. The evidence suggests though that the main current system (and hence aurora) is certainly not associated with mass loading from inner magnetosphere as was found to be the case on Jupiter.
Overall then, Talboys et al. [2011] find that the upward directed field-aligned current in the observed high-latitude current system (presumably the same upward field-aligned current associated with the aurora) typically sit within the outer magnetosphere on closed field lines rather than at the open-closed field line boundary as suggested by the Cowley et al. [2004a Cowley et al. [ , 2004b model. The overall structure in the majority of cases (type 1), consisting of a downward field-aligned current at high latitudes followed by an upward field-aligned current at lower latitudes, is similar to that drawn in Figure 2 , although shifted with respect to the open-closed field line boundary. However, the modeling work estimated the fieldaligned current profiles from variations in the angular velocity profile only and simply used a constant value of the ionospheric conductivity (1 mho). It is quite possible that there is an increased ionospheric conductivity on closed field lines resulting from particle precipitation dominating solar ionization, and hence, a constant value may not be ideal. The ionospheric Pedersen current (see equation (5)) whose variations give rise to the field-aligned current is the product of the conductivity and the angular velocity, and thus, in principle, we might expect significant field-aligned currents due to latitudinal variations of the conductivity. This means that the simple model of Cowley et al. [2004a Cowley et al. [ , 2004b is not necessarily incorrect in the broad sense that the interaction is likely to be driven by the solar wind interaction and relate to flow shears in the open and closed regions of the magnetosphere, but it is somewhat incomplete in details. Future development of this work might then involve the inclusion of a variable ionospheric conductivity (for example), as well as consideration of the effect of the "magnetosphere oscillations" (see next section). In addition, the "superrotation" effect discussed above that produces part of the upward field-aligned current in the outer magnetosphere at least~25% of the time was not addressed or envisaged in the theoretical modeling. A more Figure 6 . Magnetically mapped perturbation vectors, and the 5 keV electron flux (according to the same color bar as Figure 4) , associated with the extraordinary field-aligned currents observed during Rev 89 are shown in the southern ionosphere. In the background, the radio map associated with the magnetic footprint of Saturn's kilometric radiation sources. Dashed circles indicate lines of constant colatitude at 5°intervals. Adapted from Bunce et al. [2010] and Lamy et al. [2010] . detailed understanding of the different types and temporal variations of the field-aligned current patterns is required before the theoretical model could be usefully modified.
During Revolution 89, an interesting 'extreme case' was observed in the data [Bunce et al., 2010] . In Figure 6 , we show a representation of the perturbation fields associated with the field-aligned currents at high latitudes observed during Rev 89, showing vectors plotted along the spacecraft track projected into the southern ionosphere (for a detailed description of how the vectors were obtained see the description by Bunce et al. [2010] . A vector corresponding to 10 nT in this projection has a length equivalent to the radial distance between the 5°circles. To give an indication of the plasma regime, we have also color coded the spacecraft track with the count rate of~5 keV (CAPS) electrons using the same scale as in Figure 4 . Dark blue colors therefore correspond to the open field region, while greens through reds correspond to higher-flux regions on closed field lines. The region of open field lines in this example is seen to be contracted close to the pole and surrounded by an unusual region containing hot electrons and "leading" field signatures indicative of supercorotating flow. The usual "lagging" fields indicative of subcorotation were also present at lower latitudes (seen at doy 291:06 on Figure 6 ), though of unusually high strength. The overall field-aligned current system thus consisted of a central region of downward current, flanked by two regions of upward current.
Interestingly, this unusual field-aligned current pattern was observed at the same time that Cassini entered into the SKR source region for the first, and only, time during the mission thus far Schippers et al., 2011] . In the background of Figure 6 , we have placed the radio map integrated along the extended time interval from 07:00 to 11:00 UT and in the frequency range 7-1000 kHz. The global distribution of the footprints of field lines supporting SKR sources follows an unusual spiral shape, starting from narrow emissions at very high latitude near 01:00 LT, then evolving to broad emission at lower latitudes toward noon. This unusual event in the fieldaligned current pattern and measurement of the SKR source region is thought to have occurred following a solar wind compression of the magnetosphere. While there are, unfortunately, no auroral observations at this time, we note the similarity between the radio map "spiral pattern" and the HST image shown in Figure 1 . For the event in 2004 (as reported above), we know that the dawn-filled auroral spiral followed a major compression of the magnetosphere, and it therefore seems likely that the Rev 89 event is the in situ counterpart of the auroral storm seen following a shock compression of the magnetosphere. Mitchell et al. [2009a Mitchell et al. [ , 2009b have also shown a close relationship between solar wind compression of the magnetosphere with associated activity in the ring current and SKR brightening. This work shows an enhancement of the dawnside auroral oval suggested to be associated with a rotating partial ring current (see next section).
As discussed previously, much of the work cited above identifies the open-closed field line boundary from the lowenergy ELS spectrogram data. Alternative methods for the identification of this boundary have been presented, for example, by Gurnett et al. [2010a Gurnett et al. [ , 2010b who established the existence of a plasmapause-like density boundary at high latitudes. The evidence for this boundary originally comes from auroral hiss observations, which often show a clear upper cutoff frequency at the electron plasma frequency [e.g., Kopf et al., 2010] . The electron plasma frequency is related to the electron density, and Gurnett et al. [2010a Gurnett et al. [ , 2010b show that the upward step in the cutoff frequency corresponds to an upward step in the electron density as the spacecraft moves from high to low latitudes. Analysis of the electron anisotropy data indicates that the magnetic field lines are typically closed inside the boundary at lower latitudes and open outside the boundary at higher latitudes. Therefore, it seems that this plasma density boundary identified from the Langmuir probe (and analyzed with the Cassini LEMMS electrons for comparison) can be used to identify the open-closed field line boundary. The two examples shown in the Gurnett et al. [2010a Gurnett et al. [ , 2010b paper identify the open-closed field line boundary at precisely the same times as Talboys et al. [2011] using the ELS low-energy electron data. However, more work is required to look at the identification of the boundary between open and closed field lines across various data sets, but from these few examples, it seems that the methods are in agreement. As Gurnett et al. [2010a Gurnett et al. [ , 2010b discuss, the largescale field-aligned currents flowing at high latitudes reside on the closed side of the boundary, again in agreement with the statistical analysis of the field-aligned currents presented by Talboys et al. [2011] . Importantly, Gurnett et al. [2010a Gurnett et al. [ , 2010b have shown that the plasmapause boundary is modulated at the 10.6 and 10.8 h SKR period. The question on how the auroral current system is affected by planetary rotation will be briefly introduced in the following section.
ROTATIONAL MODULATION OF SATURN'S MAGNETOSPHERE
An important aspect of Saturn's magnetosphere that was not addressed in the large-scale flows and associated current systems of the Cowley et al. [2004a Cowley et al. [ , 2004b model, and for which Cassini has now provided clear evidence, is the system-wide oscillation that modulates the SKR emissions [Kurth et al., 2007 [Kurth et al., , 2008 , the magnetospheric boundaries [Clarke et al., 2006 , and imprints the entire magnetosphere as witnessed in the magnetic field and particle data [Andrews et al., 2008; Brandt et al., 2010; Cowley et al., 2006; Provan et al., 2009; Kivelson, 2007, 2009] . Nichols et al. [2008] have also shown that the center of the auroral oval oscillates with a period of~10.76 h, that is, close to the periods determined for oscillations in other magnetospheric phenomena. More recently, Nichols et al. [2010] have shown that both the northern and southern UV powers measured from the HST are dependent on the SKR phase, varying diurnally by factors of~3. They also indicate that the UV variation originates from the morning half of the oval, consistent with previous observations of the SKR sources [Galopeau et al., 1995; Lamy et al., 2009] . Mitchell et al. [2009b] have demonstrated that under some magnetospheric conditions, protons and oxygen ions are accelerated once per Saturn magnetosphere rotation, at a preferred local time between midnight and dawn. They suggest that these events may result from reconnection and plasmoid formation in the magnetotail. Simultaneous auroral observations by the HST and the Cassini UVIS suggest that there is a close correlation between such magnetotail dynamics and transient auroral brightenings. The periodic ENA events also correlate strongly with SKR enhancements indicative of a connection to highlatitude auroral processes. Recent results show that there is a different SKR period at Saturn in the Northern and Southern Hemispheres [Gurnett et al., 2009 [Gurnett et al., , 2010a [Gurnett et al., , 2010b , and studies of the magnetospheric oscillations show that the different rotation periods are echoed in the in situ magnetosphere data. The evidence in the magnetic field data and in other studies of ENA imaging (for example) require the existence of a rotating "partial ring current" system for the Northern and Southern Hemispheres [see Southwood and Kivelson, 2007; Provan et al., 2009; Mitchell et al., 2009b; Andrews et al., 2010; Brandt et al., 2010] . Given the existence of such rotating current systems with field-aligned currents thought to flow up and down the field lines in the outer magnetosphere near the boundary between the open and closed field regions, and given the fact that the auroral power correlates with the SKR phase (as discussed above), it seems highly probable that the auroral field-aligned currents will be modulated. In fact, the morphological difference between the type 1 and type 2 field-aligned current systems measured by Talboys et al. [2009b] may well be related to the phase of the magnetosphere oscillations (although detailed work on this topic is currently ongoing and results are not yet available). Clearly, we need to deduce the relationship between the "magnetosphere oscillations" and associated large-scale current system and the field-aligned currents measured by Talboys et al. [2009b] before we can fully comprehend the complexities of Saturn's auroral emissions.
SUMMARY
In this review, we have discussed the recent advances in our understanding of the physical drivers of Saturn's main auroral emissions, how they relate to the magnetosphere, and how they respond to large-scale solar wind and magnetospheric dynamics. We understand that the aurora is strongly driven by the solar wind interaction with the magnetosphere. The large-scale field-aligned current system, which is evident from in situ magnetic field measurements at high latitudes are located near the outer boundaries of the magnetosphere and may be associated with the plasma flow shear between open and closed magnetic field lines. However, the field-aligned current patterns are certainly more complex than initial modeling work has suggested, and details of their variations in space and time are still emerging. We do understand that the brightest auroral "storms" are driven by CIR modulation of the magnetosphere associated specifically with changes in the solar wind dynamic pressure. Open questions, which are yet to be fully addressed, include, for example, the following: (1) What is the relationship between the field-aligned currents and the magnetosphere oscillations/SKR phase? (2) What are the physical conditions under which the two main types of field-aligned current occur? (3) How does the ring current relate to the field-aligned currents at high latitudes, and how do they vary over time? (4) How does the substructure in the upward field-aligned current relate to the fine structures evident in the aurora?
Over the remaining years of the highly successful Cassini mission, we should gain significant insight into these outstanding issues, both through ongoing in situ field, plasma, and radio measurements and through the remote sensing observations of the HST, Cassini-UVIS, and Cassini-VIMS instruments.
